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ABSTRACT 


This work deals with an evaluation of power capacity 
of two glow discharge orientations with respect to a flowing 
medium, namely, parallel and cross-flow. A test section 
was designed and fabricated to compare the effects of flow, 
turbulence generated by perforated plates, electrode spacing 
Smaeelectrode length on the cross-flow electric field to the 
performance of an existing parallel flow electrode set of the 
same type: positive pin-rack (anode) and plane (cathode). 
Discharge data and photographs are presented. 

Flow and turbulence are stabilizing. The parallel flow 
electric field discharge permits higher power than the 
cross-flow field. Increased cathode length in the streamwise 


direction produces a small detriment to discharge power. 
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ieee LNT RePUC TION 


Many applications exist where maximum diffuse power is 
desired between electrodes immersed in, or separated by, a 
gaseous medium; for example, magnetohydrodynamic power 
generation, plasma chemistry devices, and electrically 
pumped lasers. Increases in power are desired over currently 
obtainable values. However, the power may not be increased 
without bound merely by increasing the applied electric field, 
nor by changing spacing or electrode sizes. The limiting 
factor to maximum obtainable power is the arc discharge 
through the medium, wherein the resistance and dielectric 
strength diminish precipitously, high current flows (generally 
very localized), the electric field collapses, and damage to 
electrode surfaces can occur. The gaseous medium itself, the 
material and geometry of the electrodes, and the conditions 
of flow all markedly influence the onset of arcing. 

several different electrode configurations are reported 
in the open literature, which include parallel (axial) and 
S@ess-1 low electric field configurations. Since much cooling 
Can be achieved by the parallel flow configuration, with 
almost the entirety of the electrodes immersed in the flow, 
it is desirable to know the power advantages of this over 
the cross-flow configuration where the electrodes form part 


of the walls. Clearly, with the electrodes across the flow, 





Mess blockage due to the electrodes is encountered. Also, 
the extent of the electric field in the streamwise direction 
amd length of the electrodes is limited by the length of the 
reacting chamber, whereas the height or width of the cross- 
section limits the maximum dimension of the parallel flow 
electrodes. An attempt is made here to weigh the relative 
merits of these two flow configurations with common positive 
pin-rack electrode and flat plane cathode designs. 

Optimum power for given spacings has been determined 
elsewhere as a function of pressure, but the reported 
pressures are extremely sub-ambient and the larger the gap, 
the lower the pressure required [Ref. 1]. The experiments 
conducted for this work are at atmospheric pressure. 

Though the examples of magnetohydrodynamics and plasma 
meiemisctry have been cited, this work 1s part of a continuing 
investigation at the Naval Postgraduate School into phenomena 
Meee ting Optimization of the Electric Discharge Convection 
Laser (EDCL) power-handling characteristics. 

It has been learned that the EDCL is capable of high 
ewer Output, though it is limited by the amount of electrical 
power coupled inte the laser cavity (Ref. 2]. Laser gain 
memeropoOrtional to the population inversion, which in the 
EDCL is created by the pumping due to the applied electric 
power flowing in the cavity. Hence, the greater the power 
capable of being coupled into the laser cavity, the greater 


meeepossible output. The limiting factor is the electrical 





constriction of the gaseous discharge or arcing, the resulting 
low-resistance path for current, and the ensuing collapse of 
the applied electric field which can then no longer pump the 
laser. 

Numerous studies have proven the positive effects on 
Stabilizing the electrical discharge by convection and 
turbulence, both of which significantly raise the power- 
handling capacity of the laser medium by delaying the arc- 
breakdown. Discharge power in excess of two hundred times 
that for a static medium has been shown possible by the 
Sonvection of a flowing medium (Refs. 3 and 4}. Further 
enhancement of the power capacity has been demonstrated by 
conditioning the flow with turbulence-generating screens 
Beers. 4 and 5]. 

A mathematical model accounting for the effects of both 
convection and turbulence independent of one another has 
been proposed by Barto in Reference 5. The present work is 
an attempt to provide experimental data in support of that 
model and to investigate phenomena such as coloration of the 
discharge, sparking but not breakdown in the discharge, 
downstream effects of an additional cathode, cross-flow and 
parallel-flow power capabilities, and pin discharge character- 
istics with increasing flow. 

The experiments are conducted using flow in a non- 
recoverable system. Since the flowing medium is discharged 


and lost to the atmosphere; since the length of time required 
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Bemeather sreakdown data 15 considerable (in part attributable 
to the effects of the time rate of change of applied field 
voltage on are breakdown [Ref. 5J); and since the cost of 
unrecovered flow of large quantities of laser mixtures ls 
prohibitive, the medium used is air from an existing flow 
system, discussed in the next section. Moreover, discharges 
in air are sufficiently challenging because of the complex 
chemical activity of the medium. No attempt is made to lase 


mae meadlum in this work. 
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Pee cemeeNiay APPARATUS 


The experimental apparatus consists of two main systems: 
the flow equipment to develop and condition the flow of air 
through the discharge gap; and the high-voltage discharge 
circuit to develop the electric field between the discharge 
electrodes. The discharge circuit also provides for the 
measurement of the voltage across and the current through 


the discharge. 


oe E LOW EQUIPMENT 

Flow is provided through the system originally designed 
for the research of Reference 4 and subsequently used in the 
work of References 3, 5 and 6. Modification for research in 
this work included fabrication of a new test section, 
electrodes and a turbulence generating screen compatible with 
the existing converging nozzle and the new test section. 

The flow system consists of an alr compressor, water- 
Beoled heat exchanger, flow rate control valves, a plenum 
chamber, a converging nozzle to the test section, and 
turbulence generating plates. Air is exhausted directly to 
the atmosphere from the constant-area test section. 

Figure 1 shows the flow system schematically [from Ref. 3, 
modified]. 

Air 1s provided by a three-stage Carrier centrifugal 


compressor with a 4000 cubic feet per minute capability at 
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two atmospheres maximum pressure, through a water-cooled 
heat exchanger which maintains flow temperature at 
approximately 90°F, through an impact-type water and 
peeiacile separator. Flow can be regulated by three gate 
Valves (5, 6 and 7 in Figure 1). Only valves 6 and 7 were 
used in the experiments described herein, so that the full 
effect of the impact separator would be utilized. Flow 
velocities to 100 meters per second are obtainable by using 
just these two valves. 

Air flow was measured by a pitot-static probe (connected 
to a mercury manometer) inserted in the exhaust opening of 
the test section. The probe was removed prior to applying 
power for discharge measurements. 

From the results shown in Reference 6 and other recent 
works it is known that the aerodynamic source of turbulence 
should be placed as near as possible to the discharge region 
SemtsetO OPtimize turbulence stabilization of the discharge. 
Therefore for the parallel flow case the turbulence generating 
Meeaee> (Or ‘screen") of Reference 3 1s used, since the plate 
is mounted directly on the anode support and separated from 
the discharge region by only the length of the anode pins 
(Pigure 2). 

For the cross-flow case a conflict arises. The most 
effective compromise between the desire to place the 
turbulence plate as close as possible to the anode and the 


M@ee-ae tO keep from introducing either an insulator or a 
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conductor into the discharge gap itself was to mount the 
miebulence plate to the face of the test section. The 
cross-flow turbulence plate (Figure 3) has the same blockage 
moo) and hole configuration as that of the parallel-flow 
Bieee, but in order to be supported it must span the width 
of the entry to the test section. Since this plate does not 
span the height of the opening, high-speed boundary-layer 
slots similar to those provided by the smaller parallel-flow 
plate exist. This, too, is desirable to keep conditions 
equivalent to previous work. 

The cross-flow (new) test section differs from the 
parallel-flow (old) test section in two ways: in the 
orientation of the electrodes with respect to the flow, and 
in the length. The cross-sectional areas are identical 
(2.22 x 4.44 inches) and constant. The cross-flow test 
section is longer than the parallel-flow section so as to 


accommodate the downstream cathode. 


Peele oCHARGE CIRCUIT 

Mies discharge Circuit consists of a high voltage power 
supply, high voltage leads, current and voltage instrumen- 
tation, the pin-rack anodes and the "plane" cathodes. 

The power supply 1s a Universal Voltronics Labtrol 
Me@el BA 50-70 which provides up to 50 kilovolts and 70 
milliamperes direct current, a significant increase over 


Capabilities available to previous researchers utilizing 
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mice tlhow system. Lhe power supply consists of a control 
Unit and a high-voltage output cannister. The control unit 
houses a voltmeter and an ammeter and is internally regulated 
and limited to break the circuit when either the output 
voltage exceeds 50 kilovolts or the current supplied exceeds 
Muematiiamperes. Provision for lowering the trip voltage or 
Current 1S available. In addition BoOmEnC role it and sound of 
arcing across the electrodes, the current-limiting feature 
serves as confirmation of the electric discharge breakdown, 
1.@., when the trip current is exceeded the power supply shuts 
off and the panel lights indicate an overload. This feature 
Peoves to be a definite factor in protecting backup current 
meters in the circuit. The two components of the power 
supply are connected by manufacturer-supplied cables. The 
output of the high-voltage cannister is connected to a 
polished, high-voltage sphere by a factory-supplied high- 
Pomeage cable. 

Locally-prepared high-voltage leads to the laboratory 
voltmeter and anode are then connected to the high-voltage 
Sphere which is immersed in a high-dielectric oil bath to 
prevent arcing. Cathode-to-ground connections are also 
locally-prepared high-voltage leads. For Sapo a Le 
equipment is well-grounded through a common laboratory 
Bound . 

Anode design is three rows of thirteen stainless steel 


pins, unballasted, and connected in common. As is apparent 
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from Figure 4, the positive-pin-to-negative-plane configu- 
ration provides the lowest breakdown voltage for a given 
Peeeine meair. Imhis is desirable so as to induce break- 
down within the limitations of the available power supply. 
The power-handling capacity of the various electrode shapes 
can then be compared once the breakdown mechanism 1s under- 
stood. Figures 5 and 6 show the two types of pin mounts 
used in this work. 

In both parallel and cross-flow experiments the anode is 
mead and spacing 1s varied by moving the cathode(s). The 
Memerh Of the cross-flow pins is such that they protrude 
Meeorche flow far enough (0.25 inch) for the pointed tips to 
be out of test-section wall boundary layers at flows as low 
aeomo-l meters per second. 

The dimensions of the cathodes are 2.22 x 4.44 inches. 
Thus the parallel-flow, brass grid of airfoils (shown in 
Peewee 2) fills the entire cross-section of the test section, 
effectively presenting a plane of ground potential to the 
anode, yet allowing minimum blockage of flow. This isa 
common electrode configuration in parallel-flow systems. 

The cathodes of the cross-flow experiments are shown in 
Figure 7. Both are constructed of stainless steel. The 
upstream cathode 1s centered below the anode to given an 
electric field and corona discharge pattern equivalent to 


that of the parallel-flow setup under no-flow conditions. 
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Enemdownstream Cathode is supported by strips of fiberglass- 
memm@torced phenolic and epoxy bonded to the upstream electrode. 
These strips also serve to electrically insulate the two 
electrodes, while providing parallel motion during electrode 
spacing adjustment. 

Stainless steel was chosen because it is locally obtain- 
able, relatively easily machined, and yet exhibits a high 
resistance to erosion from electrical currents. 

Voltage applied is measured by a Sensitive Research 
0-40 kilovolt meter with an input impedance of 5 x oo ohms , 
and cross-checked with the voltmeter on the power supply. 
Total current through the discharge 1s measured by the 
power supply milliammeter, and the downstream current is 
measured with a Hewlett-Packard 3469B calibrated digital 
multimeter. 

Figure 8 is a photograph of the laboratory setup. The 
cross-flow test section is visible behind and between the 
power supply control panel (right) and the multimeter 
(center). 

Figures 9 and 10 allow comparison of the test sections, 
and illustrate the placement of the electrodes. Flow is 


Beemer t tO right in both photographs. 
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Poi kro ULES 


A. GENERAL 

The fabrication of the new electrodes and test section 
and the introduction of the new power supply into the existing 
system necessitated a validation of system performance by 
comparison of present results to those obtained by previous 
researchers who used the same flow system and combinations 
of the same parallel flow electrodes. 

Electrode surfaces were cleaned by sandblasting and 
wiping with evaporative solvents (denatured alcohol and 
carbon tetrachloride). The desired test section was connected 
to the flow system with or without turbulence generating 
plates. Then applied field voltage and current data up to 
and including breakdown were taken, at different air flow 
rates and various interelectrode spacings. 

Late in the experimental effort, photographs of the 
discharges were taken. 

Overall performance of both sets of electrodes, parallel 
and cross-flow pin-rack anodes and plane grid or plane cathodes, 
was judged to be excellent, based on the following. Figures 
ll and 12 together with 35-millimeter slides were taken of the 
glow discharges with the laboratory darkened. An even, round, 
pinkish-orange glow was evident at the tipmost third of the 


Pemreal end of each pin of both anodes, in both flow and 


Ibe 





no-flow conditions. The glow discharges visible in both 
parallel flow and cross-flow configurations!’ no-flow 
conditions (as in Figure 12a) were symmetric about the 
center row of pins, and identical in appearance with regard 
memcne intensity, color, width, diffuseness and shape of the 
glows for the same interelectrode gap dimension. This 
Similarity of glow discharges was especially heartening 
confirmation of the assumption that the grid cathode of the 
parallel flow equipment functions as if it were an entire 
plane of ground potential (where the cross-flow cathode is 
in fact a plane surface) and also proof of the equivalency 
of the two anodes! performance. 

Before beginning the experiments of this work, it was 
felt that a single arc would be the most likely mechanism of 
arc breakdown. The 35-millimeter slides (which were taken 
for a separate study) showed, however, from six to nine arcs, 
which spanned the interelectrode gap, to be active at breakdown. 
These breakdown arcs appeared to originate randomly from 
different pins in the pin-rack anodes in both flow and non- 
Flow conditions, and in both parallel and cross-flow 
configurations. This randomness is further confirmation 
jme@ec cne breakdown is electrical in nature, and not a function 
Seer cects dominated by a single misaligned pin or group of 
mis. 

The cathode performance of the parallel flow test section 


had been ascertained by the research of Davis in Reference 6, 
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but the cross-flow cathodes' performance was subject to 
Meriatication. At first, the two cross-flow cathodes appeared 
memctuMmetion independently at all power levels. However, the 
darkened laboratory experiments and Figures ll and 12 show 
discharges in the lower left corner of the photographs between 
the primary and the downstream cathode at higher power levels. 
Thresholds of this effect were not determined for this work. 
The inter-cathode discharging is not limited to one place on 
the adjacent cathode plates, but rather several arcs occurred 
at random positions across the width of the test section, 

that is in the direction perpendicular to the plane of the 
photograph. The arcs were evident whether or not the down- 
stream cathode was connected to laboratory ground. A 
possible explanation of this phenomenon follows. 

The current in this diffusion-dominated discharge is 
mainly due to electron flow from the cathode across the 
interelectrode gap to the anode. When the downstream cathode 
reaches a potential such that the dielectric strength of the 
alr and epoxy insulation between cathodes is exceeded, 
arcing from the downstream to the upstream cathode becomes 
visible. The recombination region above the downstream 
cathode causes 1ts potential rise, because there measurable 
electron-ion pairs are neutralized, [Ref. 5] some of the 
electrons having been drawn from the downstream cathode. 

(The subject of these arcs will be readdressed in the 


meeommendations Section of this thesis.) 
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The parallel flow observations will be discussed next and 
correlated with earlier work to verify performance, reliability, 
mmeeusefulness of data. A discussion of the results obtained 


using the new cross-flow test section follows. 


B. PARALLEL FLOW 

From Figure 4 (von Engel), the no-flow are breakdown 
voltage for a spacing of 2.9 centimeters is approximately 
27 kilovolts in the positive-pin-to-negative-plane electrode 
configuration. This is consistent with the results reported 
by Post and Barto who used aluminum honeycomb as the negative 
plane [Refs. 3 and 5]. However, results of this present study 
which used the multiple-pin anode of Post and Barto and the 
cathode of Reference 6, HQ Peoreamolyetowen: 21.5 to 
meer tlovolts. 

imeltehe of the marked difference, the first concern was 
memverity the voltmeters’ calibrations. Such a large 
discrepancy could not have arisen from the £0.1 kilovolt 
gauge reading error. The power supply voltmeter was a 
maximum of 0.4 kilovolts lower than the Sensitive Research 
kilovoltmeter while being calibrated on the same scales. 
The voltmeters were judged to be not the source of the 
Peercrculty. 

Mie mext question relates to effects of the change in 
electrode material on the breakdown voltage: Is the aluminum 


Beeemoae Of Post and Barto so significantly different from the 
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present brass cathode? Reference 8 flatly states, "At 
atmospheric pressure the sparking potential has been found 
to be largely if not entirely independent of cathode 
material." Nonetheless, the open literature has a wide 
disparity in accepted no-flow breakdown voltages for the 
positive-pin-to-plane in air at standard temperature and 
pressure (STP), as shown in Figure 13. A correlation 
between the present experimental results and the results 
of Reference 6, both of which utilized the same brass 
cathode, was unobtainable due to the paucity of documentation 
of interelectrode gap dimensions. As a result, no conclusive 
explanation is available for the lower breakdown voltage. 

This present study 1s concerned with comparison and 
enhancement of the available system, and much of the analysis 
was non-dimensionalized or used only on a relative basis, 
sO it was assumed that the present results are correct for 
this configuration and equipment. The values thus obtained 
were applied to the non-dimensional theory of Reference 5. 
(Another disparate result in the form of a still lower 
no-flow breakdown voltage for the same gap in the cross-flow 
configuration (19-19.5 kilovolts) will be addressed in the 
next section). 

Figures 14 and 15 are plots of the parallel flow maximum 
Power input (1.e., just prior to are breakdown) as a 
meson of flow velocity, with and without turbulence. As 


anticipated, power increases as the air flow increases, and 


Ze 





additional power capacity is obtained with the introduction 
of the turbulence generating plate. 

fine results Obtained in the parallel flow configuration 
thus bear out previous findings regarding at least the 
trends of performance enhancement by flow conditioning, if 


not the numerical results. 


ee CROSS-FLOW 

The first result of the cross-flow experiments, as noted 
above, was the lower no-flow breakdown voltage. In view of 
the sparking observed between the cathodes, it would be well 
fommnvestigate the effects of a single 2.22 x 4.44 inch 
cathode, to more closely simulate the parallel flow electric 
field geometry. (Further research into cathode geometry 1s 
Suggested in the Recommendations section.) The lower 
breakdown voltage 1s somewhat of a puzzle since when the 
downstream cathode 1S active in the discharge, the electric 
field across the gap 1s distributed over a larger area, and 
hence less concentrated at the pins. It would appear, 
therefore, that the breakdown voltage should be higher, not 
lower. 

Figures 16 and 17 are plots of the maximum power as a 
memetmron Of flow velocity for the four spacings 2.5, 2.9, 
meoeana +.1 centimeters, without turbulence in the flow 
(Fig. 16) and with the turbulence plate installed (Fig. 17). 


since the primary goal is the optimization of discharge 
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power, only the results of the single, primary cathode 
experiments are shown here; for all spacings and conditions 
Saetlow, the power available into the discharge was greater 
when the downstream electrode was not grounded. The field 
breakdown voltages were not significantly changed by the 
Beomnding of the downstream cathode, however, the current 
supplied to the discharge was somewhat lower, hence the 
power decrease. Contrary to expectations, the increase in 
Su@eaee area by addition of another cathode actually 
decreases the power in the discharge. 

The predicted result of increased stabilization of the 
discharge by flow of the medium is observed in all cases. 
In general, the faster the flow, the greater the power into 
the discharge. A nearly linear increase in power with flow 
velocity is observed in the case of the 2.9 centimeter gap, 
Single cathode, no turbulence plate; other increases occur 
at a rate generally greater than linear. 

Piebpulence further stabilizes the discharge for the 
ppeermes 2-5, 2.9, and 3.5 centimeters, but the discharge 
power with turbulence for 4.1 centimeters is less than that 
for without turbulence. A study of the velocity profiles 
might reveal some pertinent information. 

Pomparing Figures 16 and 17 to 14 and 15 it is readily 
apparent that the parallel flow configuration has the higher 
power capacity than the cross-flow, with the notable ex- 


ception of the 4.1 centimeter gap at 55 meters per second 
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with no turbulence plate. The downstream cathode current 
myereases at a slower rate than the total discharge current 
With increasing flow, as is evidenced by Figure 18. The 
surface (boundary layer, secondary emission, and thermionic 
emission) effects most probably dominate here so that 
convection turns out to have a less pronounced effect. 

Part of the difficulty in attaining greater power 
Capacity with the cross-flow configuration arises from the 
position of the turbulence plate. Different turbulent 
intensity is present over each row of anode pins. The row 
of pins farthest upstream has the greatest turbulence acting 
upon it, with the downstream rows having progressively less. 
This explains the marked growth of the upstream row's glow 
compared to that of the downstream rows. 

The characteristic behavior in the glow discharge ina 
Flow with increasing applied voltage can be described by 
reference to Figure 19. Consider the pin rows numbered 
from 1 to 3, 1 being the upstream row. When the corone 
first becomes visible, the glow extends from row 1 almost 
antiparallel to the flow, tilted slightly toward the cathode. 
As voltage increases, the glow from row 1 bends downward and 
a glow begins at row 3. fYrurther voltage increases cause the 
glow from row 3 to become nearly as bright as that from row 1, 
and the side view of the discharge is symmetric with respect 
to row 2, and with only a faint glow from the center row. 


All the pin tips have the round pinkish-orange glow at this 
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point. Higher voltage causes the row 1 glow to become more 
Memiment; the glow of row 2 increases in width and brightness; 
mad row 3 diminishes in intensity. Just prior to are break- 
Sewn, almost no glow is visible from row 3 except that at the 
Mery tips of the pins. At this point, streamers or sparks 
become visible in the row 1 glow, but they are not strong 
enough to cause the arc breakdown [Ref. 5]. (These breakdown 
streamers have been observed elsewhere [Ref. 12].) Increasing 
the voltage more, breakdown occurs. 

Figure 20 depicts the impending breakdown cross-flow glow 
discharge. The colors reported in Reference 5 were again 
noted in this work and may be correlated to the characteristic 
Berors Of the constituents of the flowing air as described 
in Reference 13, and tabulated on the figure. 

To delay the arc breakdown by eliminating some of the 
Mem@ia~aclon products in the electrode gap, a small muffin fan 
was employed, blowing in the reverse direction from the 
normal flow, at an air flow speed too small to be measured 
by the pitot tube and mercury manometer. Results summarized 
on Figure 21 indicate an increase in power with increased 
electrode spacing. This is a fundamental improvement over 
the decreasing behavior of the parallel flow power or the 


widely fluctuating cross-flow performance. 
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IV. CONCLUSIONS 


Petrmarely, as was Stated in the introduction, the 
desired result is to increase the power input to the discharge. 
Given the present equipment, the maximum power available is 
for the parallel flow configuration, maximum interelectrode 
gap of 4.8 centimeters at a turbulent flow of approximately 
60 meters per second. This 1s approximately 50% greater than 
any nearest competitor. 

In all experiments, flow enhanced discharge stabilization, 
Semoae thie introduction of turbulence, and the upper limit 
on parallel flow power capacity was due to the inability to 
increase gap length. 

The appearance of cross-flow discharges reported in 
Reference 5 was confirmed in this work with the additional 
analysis of the observed colors as delineated on Figure 20. 

The no-flow discharge power plotted as a function of 
electrode spacing in Figure 21 appears to show no correlation 
to the maximum power attained by flow conditioning, save that 
the configuration which yields the maximum power (parallel 
flow) is the same. 

The addition of the downstream cathode into the system 
proved to be a detriment to cross-flow power capacity. Not 
only was the system with two cathodes connected unable to 


maintain the same power levels as the parallel flow arrangement, 
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Dut it was also less efficient than with just the one cathode. 
The increase of downstream current occurs at a slower rate 
than the total current increases with flow velocity, causing 


the deterioration in performance. 





V. RECOMMENDATIONS 


The results of the efforts described in this work are 
one step in a growing body of knowledge Spe enene au lpme me , 
phenomena, and procedures requisite for meaningful improvement 
in EDCL performance. To further the goal, the following 
modifications and considerations are offered as suggestions. 

The darkened laboratory utilized in later stages of this 
work provided the opportunity to observe and photograph 
arcing between the upstream and downstream cathodes even 
when the downstream cathode was not connected by cable to 
ground. It is hypothesized that the recombination region 
of Figure 20 downstream of the anode provides the return 
current path. Two possibilities for investigation are 
Suggested by the above: improve the insulation between the 
upstream and downstream cathodes by use of a different 
dielectric bonding agent between them and/or increasing the 
Spacing greater than the present 0.1 inch; make current 
measurements connecting only the downstream cathode to 
epound . 

Additional photographic analysis of the discharge in the 
darkened laboratory could document the perceived randomness 
of anode pin breakdown activity. 

The increase of downstream current with increasing 


feeeere 15 not surprising, however it is felt that time 
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studies of the downstream current using an oscilloscope 
Sonlad yield deeser insight into the onset of breakdown due 
to streamer instability production. Also any increase in 
streamer activity with time would be graphically shown on 
the oscilloscope screen, as the applied voltage approached 
breakdown voltage, enhancing the ability to pinpoint 
impending breakdown. 

In the cross-flow configuration, the greater power load 
borne by the upstream row of anode pins with increasing flow 
and voltage applied evidenced a the glow photographs of 
Figures ll and 12 suggests that though individually ballasted 
pins might be inappropriate due to their unwieldiness, 
lack of calibration, and expense, it might be advantageous 
to ballast each row of pins, with the upstream row assigned 
the highest resistance (the NASA High-Power Carbon Dioxide 
Laser utilizes both pin and row ballasts [Ref. 14]). 
Additional measurement techniques would then be required to 
determine the power developed in the discharge gap. The 
electrical efficiency of the discharge might decrease due 
to the power consumed in the ballast resistances, but the 
Semeeeric field and/or the discharge could be more uniform 
maene cross-flow gap. 

In the area of turbulence generation, a more efficient 
Meats Of creating turbulent and/or vortex stabilizing flow 
in the electrode gap must be found. In the cross-flow 


configuration, the distance between the turbulence screen 
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and the active electrodes is on the order of two inches. 
The best results for screen-generated turbulence were found 
in Reference 6 to be on the order of one-eighth inch, and 
Meed with velocity of flow, according to Reference 9. 

Humidity is a significant factor in breakdown-causing 
Mm@etabilities [Ref. 15]. A standard of humidity compensation 
should be devised for this equipment. The no-flow discharge 
data are taken at ambient temperature, pressure, and humidity. 
The air in the discharge under flow conditions 1s compressed, 
cooled, dehumidified and scrubbed by the impact separator 
before acceleration through the converging nozzle to the 
test section. Non-dimensionalization of discharge parameters 
1s accomplished by dividing the flow breakdown data by the 
no-flow values. It was originally thought that the humidity 
correction [Ref. 15] was equally applied to both numerator 
and denominator, but upon reconsideration, there were no 
diagnostics of the humidity or temperature (nominally 90°F 
through the effects of the heat exchanger) of the flowing 
alr, while the ambient humidity and temperature of the 
laboratory still air varied significantly during the 
experiments (32 to 60 percent relative humidity and 62° to 
moe). 

At the disassembly of the test equipment for photography, 
a layer of dustlike particles was observed on the turbulence 


femeetis and electrodes. It would be advantageous to analyze 
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the particles to determine their composition. Then, spectro- 
Petographic analysis of the discharge, particularly at 
breakdown, would be a relatively simple method to determine 
whether the observed particles were reacting in the breakdown. 
This is less desirable than eliminating the airborne partic- 
ulates totally, however the sheer logistics of clearing the 
flow system, while still remaining accessible to other users 
of the compressed air, are difficult. Installation of a more 
efficient separator may be required, or a filter installation 
between the existing lmpact separator and the plenum chamber 
of Figure l. 

Pamally, to address the problem of cathode similarity, 
it might be advantageous to compare the breakdown character- 
Meetes Of a grid, identical to the parallel flow cathode, 
but embedded in a smooth surface, as the cross-flow cathode. 
This would eliminate doubt as to the validity of direct 
comparison of parallel and cross-flow results, especially 
in view of the deleterious effects of the added surface area 


of the downstream cathode. 
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Figure 4. Breakdown voltage as a function of electrode 
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